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The initiation of Ca21 release from internal stores in the egg is a hallmark of egg activation. In sea urchins, PLCg activity
is necessary for the production of IP3, which leads to the initial rise in Ca21. To examine the possible function of a tyrosine
inase in activating PLCg at fertilization, sea urchin eggs were treated with the specific Src kinase inhibitor PP1 or
icroinjected with recombinant Src-family SH2-domain proteins, which act as dominant interfering inhibitors of
rc-family kinase function. Both modes of inhibiting Src-family kinases resulted in a specific and dose-dependent delay in
he onset of Ca21 release from the endoplasmic reticulum at fertilization. The rise in cytoplasmic pH at fertilization also was
nhibited by microinjection of Src-family SH2-domain proteins. Further, an antibody directed against Src-type kinases
ecognized a protein of ca. Mr 57K that was enriched in the membrane fraction of eggs. The kinase activity of this protein
was stimulated rapidly and transiently at fertilization, as measured by autophosphorylation and by phosphorylation of an
exogenous substrate. Together, these data indicate that a Src-type tyrosine kinase is necessary for the initiation of Ca21
release from the egg ER at fertilization and identify a Src-type p57 protein as a candidate in the signaling pathway leading
to this Ca21 release. © 2000 Academic Press
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Egg activation at fertilization is the result of the stimu-
lation of signaling pathways in eggs by the fertilizing sperm.
The coordinated outputs of these signaling pathways result
in entry into the first cell cycle, initiating development of
the organism. One of the earliest and universal egg activa-
tion events is the release of Ca21 from internal stores
(reviewed in Jaffe, 1983; Nuccitelli, 1991; Whitaker and
Swann, 1993; Stricker, 1999). This Ca21 release from the
endoplasmic reticulum (ER) is initiated rapidly and is
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206required for important later events, including entry into the
cell cycle (Whitaker and Steinhardt, 1982; Whitaker and
Patel, 1990). Many recent efforts have focused on the
signaling mechanisms that regulate Ca21 release at fertili-
zation. Inositol trisphosphate (IP3) is produced by hydrolysis
f phosphatidylinositol 4,5, bisphosphate (PIP2) and is re-
quired, at least in large part, for the Ca21 release in the eggs
of echinoderms (Mohri et al., 1995; Lee and Shen, 1998;
Carroll et al., 1997, 1999), Xenopus (Nuccitelli et al., 1993;
Runft et al., 1999), and mammals (Miyazaki et al., 1992; Xu
t al., 1994). The hydrolysis of PIP2 is mediated by the
hospholipase C (PLC) class of lipases (Rhee and Bae, 1997).
he PLC inhibitor U73122 attenuates Ca21 release in mam-
malian eggs (DuPont et al., 1996) but the PLC isoform
involved is not known (Williams et al., 1998; Mehlmann et
al., 1998). However, in echinoderms, the PLCg isoform is
ecessary for initiation of Ca21 release and appears to
operate via a mechanism requiring functional SH2 domains
because overexpression of PLCg SH2 domains (which havedominant interfering effect; Roche et al., 1995; Twamley-
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207Src Kinase in Sea Urchin Egg ActivationStein et al., 1993) inhibits Ca21 release (Carroll et al., 1997,
1999; Shearer et al., 1999).
PLCg is regulated primarily by tyrosine phosphorylation
Rhee and Bae, 1997; but also see Sekiya et al., 1999) and
hus recent efforts have focused on the potential role of
yrosine kinases in egg activation. In Xenopus, tyrosine
inase inhibitors inhibit Ca21 release (Glahn et al., 1999)
nd Ca21-dependent egg activation events (Sato et al., 1998,
999). Further, a Xenopus Src-type tyrosine kinase, termed
yk, is activated rapidly at fertilization (Sato et al., 1996,
999). Tyrosine kinase inhibitors also affect egg activation
vents in ascidians (Ueki and Yokosawa, 1997).
In starfish eggs, a Src-type kinase(s) appears to be neces-
ary for initiation of Ca21 release; microinjection of Src-
family tyrosine kinase SH2 domains into starfish eggs
specifically inhibits the initiation of Ca21 release (Giusti et
l., 1999b). Further, a starfish egg tyrosine kinase activity
ssociates with PLCg SH2 domains very rapidly in a
fertilization-dependent manner and this activity correlates
with the presence of a Src-type tyrosine kinase of ca. Mr 58K
Giusti et al., 1999a). A current working model for starfish
gg activation is that sperm–egg binding and/or fusion
romotes the interaction of a Src-family tyrosine kinase
possibly p58) or a tyrosine kinase complex with PLCg,
hereby activating PLCg and leading to IP3 production and
ubsequent Ca21 release (Carroll et al., 1997; Giusti et al.,
999b).
In sea urchins, it has been known for some time that
verall tyrosine kinase activity and the tyrosine phosphor-
lation state of a number of egg proteins change rapidly at
ertilization (Ciapa and Epel, 1991; Dasgupta and Garbers,
983; Kamel et al., 1986; Kinsey, 1984, 1995, 1996, 1997;
eaucellier et al., 1988, 1993; Ribot et al., 1984; Satoh and
Garbers, 1985). Although treatment of sea urchin eggs with
certain tyrosine kinase inhibitors does not prevent egg
activation (Moore and Kinsey, 1995), genistein treatment
does delay initiation of Ca21 release (Shen et al., 1999) and
results in polyspermy (Moore and Kinsey, 1995). Total
tyrosine kinase activity in eggs and zygotes is inhibited by
about 50% by genistein treatment (Livingston et al., 1998)
so it is possible that a tyrosine kinase activity is operating
in early egg activation, but is not completely inhibited by
the inhibitors used thus far. Further, stimulation of tyrosine
kinase activity with the aminoguanide MGBG is sufficient
to initiate Ca21 release in sea urchin eggs (Shen et al., 1999).
Thus, although it is not firmly established, there is evi-
dence for tyrosine kinase activity playing a role in the
initiation of Ca21 release in sea urchin eggs.
In sea urchin eggs, PLCg is required for the initial Ca21
release (Carroll et al., 1999; Shearer et al., 1999) and PLC
activity increases rapidly at fertilization (De Nadai et al.,
1998; Rongish et al., 1999). However, changes in the ty-
rosine phosphorylation state of PLCg in response to fertili-
ation have not been detected (Rongish et al., 1999).
hether sea urchin egg activation specifically requires a
rc-type kinase(s) as in the case of starfish (Giusti et al.,
999a,b) has not been determined. In this paper, we describe
Copyright © 2000 by Academic Press. All rightxperiments that suggest that a Src-type kinase operates in
he pathway leading to IP3-mediated initiation of Ca21
release from the ER in sea urchin eggs. Inhibition of
Src-type kinases by the specific pharmacological inhibitor
4-amino-1-tert-butyl-3-(p-methylphenyl)pyrazolo[3,4-
d]pyrimidine (PP1) or microinjection of excess Src-family
SH2 domains (which have a specific dominant interfering
effect) inhibits sperm-initiated Ca21 release and the rise in
cytoplasmic pH that is subsequent to PLCg activation in
sea urchin eggs. Further, at least one Src-type tyrosine
kinase is activated rapidly at fertilization. Thus, this Src-
type kinase may operate upstream of Ca21 release in sea
urchin eggs, affecting PLCg activity either directly or indi-
rectly.
MATERIALS AND METHODS
Maintenance of Animals and Gamete Collection
Lytechinus pictus and Strongylocentrotus purpuratus were col-
lected from the Santa Barbara Channel. Adult animals were main-
tained in open system seawater tanks (at 10°C for S. purpuratus and
at ambient temperature for L. pictus), with saturation feeding of
Macrocystis pyrifera (giant kelp). Gametes were collected by injec-
tion of ,1 mL 0.55 M KCl. Sperm were collected dry and kept on
ice. Eggs were collected by inverting females over a beaker of
seawater and were kept at constant temperature (10–12°C for S.
purpuratus, 14–16°C for L. pictus). The eggs were washed three
times by settling in filtered seawater (FSW; natural seawater
filtered through a Whatman glass fiber filter and then a 22-mm
illipore filter). For microinjection experiments, eggs were left
ith jelly coats intact. In other experiments, egg suspensions (10%
ol/vol) were dejellied by multiple passes through 120-mm mesh
(for S. purpuratus) or 210-mm mesh (for L. pictus) Nitex. Egg jelly
water was saved and stored on ice. Dejellied eggs were washed
twice more in the FSW and used within 2 h. To induce the
acrosome reaction, sperm were diluted in FSW and then with an
equal volume of 10-fold diluted egg jelly water. After 10 s the sperm
suspension was added to the egg suspension to achieve a final
sperm dilution of 1:10,000. The microinjection data presented
(Tables 1 and 2, Figs. 2–5) were obtained using L. pictus eggs. The
biochemistry data shown (Figs. 6 and 7) were obtained using eggs of
S. purpuratus; however, these experiments were repeated at least
twice in L. pictus, with similar results.
Microinjection
Microinjections were performed at 15°C, using mercury-filled
micropipettes (Hiramoto, 1962; Kiehart, 1982), allowing injection
of precisely calibrated picoliter volumes into the eggs. Injection
volumes were 3% of the total egg volume for fusion protein
experiments and 2% for experiments in which IP3 was injected or
1% in experiments in which PP1 was added (see below). The
volume of the L. pictus egg was calculated to be 700 pL based on a
diameter of 110 mm. Protein concentrations in the stock solutions
were adjusted so that the control and experimental injection
volumes were identical. Eggs were injected 10–40 min prior to
fertilization or 25–125 min prior to the injection of IP3. No
ifference in the response of the eggs to IP3 was observed regardlessof the time between injections. IP3 (Calbiochem; San Diego, CA)
s of reproduction in any form reserved.
1
c
t
R
T
r
f
1
m
p
B
fl
y. Se
208 Abassi et al.was dissolved in 100 mM potassium aspartate, 10 mM Hepes, pH
7.0, at a final concentration of 1 mM. The eggs were injected with
mM IP3 to a final 2% of the total egg volume, resulting in a final
oncentration of 10–20 nM IP3 in the egg cytoplasm.
PP1 Inhibitor Experiments
L. pictus eggs were washed with artificial seawater (ASW; 450
mM NaCl, 10 mM KCl, 27 mM MgCl2, 28 mM MgSO4, 10 mM
CaCl2, 10 mM glycine, pH 8.0) and transferred to small glass test
ubes and allowed to settle. A 1 mM stock of PP1 (Biomolecular
esearch Laboratories, Inc.) in DMSO was diluted 1:100 in ASW.
he ASW was removed from the eggs and the eggs were then
esuspended in the PP1 solution (final PP1 concentration of 10 mM;
in DMSO at 1% vol:vol). The eggs were allowed to settle and then
the ASW/PP1 solution was removed and the eggs were resuspended
in a fresh aliquot of ASW/PP1. For some experiments, PP1 was used
at a final concentration of 0.1 mM (1% DMSO). Eggs were trans-
erred to microinjection chambers, injected with 1% egg volume of
mM Ca21-green (CaG) dextran, and then fertilized (see above).
The total time from PP1 exposure to insemination was 20–125
min. CaG fluorescence was monitored using a Zeiss Axioskop and
photodiode (Oriel Instruments) attached to a chart recorder (Gould)
as described in Giusti et al. (1999b).
Calcium and pH Measurements in Eggs Injected
with SH2-Domain Proteins
Calcium measurements were made as described in Carroll et al.
(1999). Eggs were injected with 10 mM CaG dextran (Molecular
Probes, Eugene, OR) alone or in combination with the indicated
GST fusion protein, while being held between two coverslips as
described by Kiehart (1982). To measure the CaG fluorescence, the
FIG. 1. Recombinant GST fusion proteins. Schematic diagram of t
microinjection experiments. GST was fused in-frame at the N-t
homology 3; PTB, phosphotyrosine binding; CH, collagen homologchambers containing the injected eggs were moved to an Olympus
Copyright © 2000 by Academic Press. All rightBX60 microscope equipped with a photomultiplier. The eggs were
fertilized by replacing the entire volume of seawater in the cham-
ber with the sperm dilution. Total light intensity gathered by the
photomultiplier was collected every 200 ms using the MCS PLUS
system, DOS software version 1.0X (EG&G ORTEC, Oak Ridge,
TN). MCS PLUS data files were converted to Macintosh text files
using MCS file conversion software written by Dr. Steven Haddock
(Marine Science Institute, UCSB, Santa Barbara, CA). Data were
plotted and analyzed using the graphing software KaleidaGraph
version 3.0.2 (Abelbeck Software). Standard deviations were calcu-
lated using InStat (version 1.14; GraphPad Software).
BCECF (29,79-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein)
10-kDa dextran fluorescence was used to monitor intracellular pH
(Shen and Buck, 1990; Carroll et al., 1999). Eggs were injected with
30 mM BCECF 10-kDa dextran (Molecular Probes, Inc.) or co-
injected with 30 mM BCECF dextran and 1 mg/mL (final cytoplas-
ic concentration) GST, GST-Src SH2, or GST-Fyn SH2 fusion
roteins. After incubation for 10 min, eggs were fertilized and
CECF fluorescence was recorded as described above for CaG
uorescence.
GST Fusion Proteins
A schematic diagram of the GST fusion proteins used in the
microinjection experiments is presented in Fig. 1. GST fusion
proteins were synthesized in the DH5a bacterial strain and purified
as described by Carroll et al. (1997). The DNA constructs encoding
the indicated fusion proteins were as described in Giusti et al.
(1999b).
Egg Fractionation and Sample Preparation
In order to fractionate eggs into particulate and cytosolic frac-
tions, eggs were collected by hand centrifugation, the seawater was
ST SH2-domain fusion proteins and the parent proteins used in the
i of the various SH2 domains. SH2, Src homology 2; SH3, Src
e Materials and Methods for sources of constructs.he G
ermindecanted, and the eggs were resuspended in buffer P (50 mM Hepes,
s of reproduction in any form reserved.
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209Src Kinase in Sea Urchin Egg ActivationpH 7.5, 250 mM KCl, 10 mM EGTA, 5 mM EDTA, 5 mM NaF, 1
mM sodium vanadate, 1 mM PMSF, 10 mM aprotonin, 10 mM
leupeptin, 10 mM benzamidine). The eggs were transferred to a
Potter–Elvehjem vessel fitted with a Teflon pestle and immediately
homogenized by hand on ice. The samples were checked under the
microscope to ascertain complete homogenization. The egg ho-
mogenates were centrifuged at 150,000g in a Beckman SW55 rotor
for 30 min at 4°C. The supernatant was designated the cytosolic
fraction and saved on ice. The pellet was resuspended in 5 mL of
buffer P and centrifuged, as described above, for 30 min. To make
the particulate lysate, the pellet then was solubilized in NP-40 lysis
buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM
EDTA, 1% NP-40, supplemented with phosphatase and protease
inhibitors as in buffer P), passaged through a 27-gauge needle, and
incubated on ice for 15 min.
To prepare total lysate, the eggs were fertilized as described
above, lysed directly in the NP-40 lysis buffer, and passed through
a 27-gauge needle several times, on ice. SDS was added to a final
concentration of 1% and the sample was heated at 95°C for 10 min.
Solubilized protein was obtained by centrifuging at top speed in a
microfuge at 4°C for 20 min. Egg plasma membrane/vitelline layer
(PMVL) samples were prepared as described previously (Giusti et
al., 1997).
For analysis of sperm proteins, 100 mL of dry sperm was diluted
n 5 mL of filtered seawater and then further diluted with 5 mL of
0-fold diluted jelly water, incubated for 10 s to cause the acrosome
eaction, and then collected by centrifugation in a Beckman table-
op centrifuge at 3000 rpm for 2 min. The sperm were homogenized
n NP-40 lysis buffer followed by addition of SDS to 1% and heating
t 95°C for 10 min. Soluble sperm proteins were obtained by
entrifugation at top speed in a microfuge for 20 min at 4°C.
rotein concentration was determined using the BCA method
Pierce Chemicals, Rockford, IL), using BSA as a standard.
Immunoprecipitation
For immunoprecipitations, particulate fractions of unfertilized
eggs and fertilized eggs were prepared as described above and
protein concentrations were determined for each sample. Five
hundred micrograms of protein in a 1-mL volume was incubated
with 2 mg of Src-family antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA; No. SC-18; raised against amino acids 509–533 of
human c-Src) for 1 h at 4°C, followed by addition of 20 mL of a 50%
uspension of protein A–Sepharose (Sigma). The immune com-
lexes were collected by centrifugation in a microcentrifuge at
000 rpm for 2 min at 4°C and washed three times with NP-40 lysis
uffer. Washed immunoprecipitates were assessed for kinase activ-
ty (see below).
In Vitro Kinase Assays
Immune complexes were washed in kinase buffer without ATP
(10 mM Hepes, pH 7.5, 20 mM NaCl, 5 mM MnCl2, and 5 mM
MgCl2) and then incubated in 20 mL of kinase buffer containing 10
mM ATP and 20 mCi of [g-32P]ATP (3000 Ci/mmol, 10 mCi/mL;
NEN Dupont) for 15 min at room temperature. The reactions were
terminated by adding 750 mL of NP-40 lysis buffer and the beads
ere collected by centrifugation and resuspended in 23 sample
uffer prior to gel electrophoresis. To assay for phosphorylation of
nolase, immune complexes were washed in kinase buffer and then
ncubated with kinase buffer containing 20 mM cold ATP, 20 mCi of
g-32P]ATP, and 5 mg of acid-denatured enolase (as described in p
Copyright © 2000 by Academic Press. All rightCooper et al., 1984). The reaction was terminated by the addition of
20 mL of 23 sample buffer.
SDS–PAGE, Autoradiography, and Immunoblot
Analyses
Samples were diluted in SDS sample buffer (Laemmli, 1970),
heated at 95°C for 5 min, pulse centrifuged, and then loaded on
12% polyacrylamide–SDS gels and electrophoresed. Prestained,
broad-range molecular weight standards were from Bio-Rad Labo-
ratories (Hercules, CA). Subsequent to electrophoresis, the gels
were either processed for immunoblotting or stained in 0.1%
Coomassie Blue R250, destained, dried at 70°C for 60 min, and then
exposed to film for autoradiography. For immunoblotting, proteins
were transferred to nitrocellulose (0.45 mm NitroBind; Micron
eparations) according to the method of Towbin et al. (1979). The
blots were blocked and probed with the Src-family antibody (0.2
mg/mL). As a positive control for immunoblots (Fig. 6), lysates
prepared from murine myeloma SP2/0 cells (Ko¨hler and Milstein,
1976) were used. SC-18 antibody binding was detected with goat
anti-rabbit IgG conjugated to HRP (Transduction Laboratories,
Lexington, KY) at a dilution of 1:15,000 followed by chemilumi-
nescent detection using the Super Signal kit from Pierce (Rockford,
IL). The blots were exposed immediately to Fuji RX film. Several
exposures were obtained for each blot.
Densometric Scanning
Different exposures of films for each experiment were scanned
using a pdi 420e scanner. For each film, the relative intensity of
each band was determined using the public domain NIH Image
program (Wayne Rasband, Research Services Branch, National
Institutes of Health, Bethesda, MD; available for Internet download
at http://rsb.info.nih.gov/nih-image/). Values from exposures in
the linear range were normalized to that of unfertilized eggs, which
was given an arbitrary value of 1. Error bars indicate the standard
deviation (SD), calculated using InStat (version 1.14, GraphPad
Software).
RESULTS
The Effect of PP1 on Calcium Release
In sea urchin egg fertilization, the calcium rise occurs in
two phases (reviewed in Stricker, 1999). The first phase is a
small increase in cortical calcium levels due to calcium
entry through opening of voltage-sensitive channels in the
plasma membrane and is known as the calcium action
potential (McCulloh and Chambers, 1992; Shen and Buck,
1993). After a delay of ;10 s, Ca21 is released from the ER,
beginning at the site of sperm entry and traveling as a wave
across the egg (Hafner et al., 1988). We used the Ca21 action
otential as a marker for fertilization when measuring the
nset of calcium release from the ER.
To test whether Src-type tyrosine kinase activity is
ecessary for the initiation of Ca21 release from the ER at
ertilization, L. pictus eggs were treated with the specific
rc-family tyrosine kinase inhibitor, PP1 (Hanke et al.,
996; Liu et al., 1999; Schindler et al., 1999). Eggs were
reincubated in PP1 or DMSO, transferred to injection
s of reproduction in any form reserved.
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210 Abassi et al.chambers, and then microinjected with the Ca21 indicator,
a-green dextran. Sperm were then added to the chambers
nd Ca21 release was monitored. All eggs eventually did
elease Ca21 from the ER into the cytoplasm with a normal
mplitude, but preincubation of eggs in 10 mM PP1 signifi-
antly delayed this Ca21 release compared to the controls
(Table 1). Treated eggs showed an internal Ca21 release 43 6
.5 s after the action potential rise (n 5 11), ;2.53 the delay
time for the DMSO or untreated eggs. PP1 at 0.1 mM had no
significant effect on Ca21 release (Table 1). These data
indicate that initiation of Ca21 release from the ER at
ertilization depends at least in part on Src-type tyrosine
inase activity.
Src-Family SH2 Domains Delay the Fertilization-
Induced Calcium Release
As a second means of specifically inhibiting Src family
kinases, we injected L. pictus eggs with recombinant Src
and Fyn SH2 domain proteins (Fig. 1). Injection of the GST
Src and Fyn SH2-domain fusion proteins into eggs had a
concentration-dependent effect on Ca21 release from the ER
at fertilization (Table 1). At 1 mg/mL (25 mM) final concen-
tration in the cytoplasm, 5/6 eggs injected with the Fyn SH2
domain showed no detectable increase in internal calcium
release at fertilization (Fig. 2 and Table 1). These eggs were,
however, fertilized, as indicated by the detection of at least
one Ca21 action potential in each egg. The one egg that did
xhibit release of Ca21 from the ER showed a slower onset
TABLE 1
Calcium Release in Lytechinus pictus Eggs Incubated in the Src In
roteins and Then Fertilized
Treatment
Fraction of eg
with Ca21 rele
Ca-green alone 11/11
DMSO alone 6/6
10 mM PP1 11/11
0.1 mM PP1 3/3
Fyn SH2 (0.1 mg/mL) 5/5
Fyn SH2 (1 mg/mL)c 1/6
Src SH2 (0.1 mg/mL) 7/7
Src SH2 (1 mg/mL)c 7/14
Src R 3 K SH2 (1 mg/mL) 8/8
Syk SH2 (1 mg/mL) 6/6
c-Abl SH2 (1 mg/mL) 7/7
Zap70 SH2 (1 mg/mL) 4/4
Shc SH2 (1 mg/mL) 5/5
a Delay indicates the time between the rise of the Ca21 action p
b Peak amplitude represents the ratio of the change in fluorescen
ean 6 SD.
c The average delay time and peak amplitude for these samples we
exhibited Ca21 release (n 5 7 for Src SH2, 1 mg/mL, and n 5 1 fo
* Significant difference from controls (P , 0.001). Not calculatand reduced peak amplitude (Table 1). At 1 mg/mL (final
Copyright © 2000 by Academic Press. All rightoncentration in the cytoplasm), 7/14 eggs injected with Src
H2 domains showed no increase in Ca21 (Fig. 2 and Table
). The fraction of eggs injected with the Src SH2 domain
hat did exhibit a calcium release from the ER showed a
lower onset (217 6 135 s; mean 6 SD), a shorter duration
59 6 32 s), and a reduced peak Ca21 amplitude (0.4 6 0.1).
his effect was dose-dependent. Injection of 0.1 mg/mL Fyn
nd Src SH2 domains produced a smaller, yet still signifi-
ant effect on Ca21 (Fig. 2 and Table 1).
Specificity of the Inhibition of Calcium Release by
Src and Fyn SH2 Domains
In order to ascertain that the effect of Src family SH2-
domain injection on Ca21 release from the ER at fertiliza-
tion was due to specific inhibition of Src family kinases, we
injected the SH2 domains of the Abl tyrosine kinase, the
tandem SH2 domains of Zap70 and Syk tyrosine kinases,
and also the SH2 domain of the adapter protein Shc.
Microinjection of 1 mg/mL Abl, Zap70, Syk, and Shc SH2
domains had no effect on the calcium action potential or on
subsequent calcium release from the ER during fertilization
in sea urchin eggs (Table 1 and Fig. 3). These results indicate
that inhibition seen with Src-family SH2 domains is not
due to nonspecific effects of excess SH2-domain protein in
the egg.
As a further control for the inhibitory effect of the Src
SH2 domain, we injected a GST Src SH2 fusion protein that
had been point mutated at a conserved arginine in the
tor PP1 or Microinjected with Recombinant SH2-Domain
Delay (s)a Peak amplitudeb
11 6 2 1.2 6 0.1
17 6 3 0.95 6 0.12
43 6 9.5* 0.92 6 0.2
14 6 2 1.07 6 0.3
23 6 4* 0.3 6 0.2*
66 0.58
25 6 10* 0.95 6 0.1
217 6 135* 0.4 6 0.1*
25 6 12* 0.8 6 0.1
15 6 3 1.3 6 0.1
14 6 3 1.0 6 0.1
11 6 2 1.3 6 0.1
12 6 2 1.2 6 0.1
ial and the beginning of the second Ca21 rise; mean 6 SD.
er fertilization to the baseline fluorescence in the unfertilized egg;
lculated based on values obtained only from the subset of eggs that
SH2, 1 mg/mL).
r Fyn SH2 domain (1 mg/mL) because n 5 1.hibi
gs
ase
otent
ce aft
re ca
r Fynphosphotyrosine binding pocket. This mutation reduces the
s of reproduction in any form reserved.
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211Src Kinase in Sea Urchin Egg Activationassociation of the v-Src SH2 domains with
phosphotyrosine-containing proteins to about 35% of that
of the wild-type Src SH2 protein (Tian and Martin, 1996).
Correspondingly, at a concentration of 1 mg/mL, the mu-
tant Src SH2 domain had a reduced inhibitory effect on the
timing and amplitude of Ca21 release compared to the
ild-type protein (Table 1 and Fig. 3). These data indicate
hat a functional SH2 domain is required for the inhibition
f Ca21 release from the egg ER.
IP3 Overcomes the Calcium Block
In order to check that the Src and Fyn SH2 domains did
not interfere with the calcium-releasing machinery in sea
urchin eggs, we injected IP3 into eggs that had already been
injected with Src and Fyn SH2 domains. Using the mini-
mum amount of IP3 needed to cause calcium release in sea
rchin eggs (Carroll et al., 1999), we determined that IP3
FIG. 2. Microinjection of Src-family SH2 domains inhibits Ca21
release at fertilization. L. pictus eggs were injected with Ca-green
dextran only (A) or Ca-green dextran and GST fusion proteins as
indicated: Src SH2, 1 mg/mL (B); Src SH2, 0.1 mg/mL (C); Fyn SH2,
1 mg/mL (D); or Fyn SH2, 0.1 mg/mL. The eggs were then fertilized
10–40 min later. Concentrations indicate the final concentration
in the egg cytoplasm. Traces are representative and show Ca-green
fluorescence as a function of time. The arrows indicate the time of
sperm addition and the traces are aligned so that the action
potentials (asterisk indicating the opening of voltage-gated Ca21
channels as the result of sperm–egg fusion) are in register. See
Table 1 for summary and further details.injection into eggs that had been injected with 1 mg/mL Src d
Copyright © 2000 by Academic Press. All rightnd Fyn SH2 domains bypassed the SH2-mediated calcium
nhibition (Fig. 4). This experiment provides further evi-
ence that inhibition by Src and Fyn SH2 domains is
pecific and that they inhibit a step prior to IP3 production
uring fertilization.
Inhibition of Cytoplasmic Alkalinization by Src
and Fyn SH2-Domain Fusion Proteins
Another early egg activation event in sea urchins is the
rise in cytoplasmic pH that occurs in response to PLC
activity and the subsequent production of diacylglycerol
(DAG) and release of Ca21 (Carroll et al., 1999; Epel, 1990;
hen, 1989; Shen and Buck, 1990; Shen and Steinhardt,
979; Payan et al., 1983). To determine whether a Src-like
inase might also be necessary for the rise in cytoplasmic
H, we microinjected the Src and Fyn SH2-domain fusion
roteins into sea urchin eggs along with BCECF-dextran, to
onitor intracellular pH by recording the fluorescence
ntensity. In control eggs injected with BCECF-dextran and
ST, the fluorescence increase began 57 6 5 s after insemi-
ation and reached peak fluorescence at 352 6 60 s (Fig. 5,
able 2). Microinjection of 1 mg/mL Fyn SH2 domain
esulted in complete inhibition of the pH rise in four of
even injected eggs (Table 2). In the remaining three eggs,
FIG. 3. Specificity of the inhibition of Ca21 release by Src family
SH2 domains. L. pictus eggs were injected with Ca-green dextran
and the indicated GST fusion proteins at 1 mg/mL (final concen-
tration in the cytoplasm). The eggs were then fertilized 10–40 min
later. Traces are representative and show Ca-green fluorescence as
a function of time. The arrows indicate the time of sperm addition
and the traces are aligned so that the action potentials (indicating
the opening of voltage-gated Ca21 channels as the result of sperm–
gg fusion) are in register. See Table 1 for summary and further
etails.
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212 Abassi et al.the initiation of the pH increase was delayed (169 6 20 s).
Eggs injected with 1 mg/mL Src SH2 domain also showed a
delay (580 6 196 s; Table 2) between the addition of sperm
and the initiation of the pH increase. Thus, a Src-family
kinase(s) appears to be necessary for the rise in cytoplasmic
pH in sea urchin eggs at fertilization.
An Egg Src-Type Tyrosine Kinase Is Activated
Rapidly and Transiently at Fertilization
Because both PP1 and injection of Src-family SH2 do-
mains inhibited the initiation of Ca21 release from the ER at
fertilization, we examined whether a Src-type kinase might
be activated rapidly at fertilization, potentially operating in
the pathway leading to Ca21 release. An antibody (SC-18)
aised against the conserved C-terminus of mammalian
rc-family members recognized a major band of ca. Mr 57K
nd a minor band of ca. Mr 90K on immunoblots of total
DS-soluble egg proteins (Fig. 6). The ca. Mr 90K immuno-
eactive protein localized to the cytosolic fraction in both
nfertilized and fertilized eggs (Fig. 6). The identity of this
igher Mr protein is not known. The Mr 57K protein
ocalizes exclusively to the particulate fraction of both
FIG. 4. Injection of IP3 overcomes the Src SH2-domain block. L.
ictus eggs were injected with Ca-green dextran alone (A) or with
a-green dextran and the indicated GST fusion protein at 1 mg/mL.
ifty to 96 min later, the eggs were injected a second time (arrow)
ith IP3 to a final concentration of 20 nM. Traces show Ca-green
uorescence as a function of time. The peak Ca21 rise was 1.2 6
.23 (mean 6 SD, n 5 6) over baseline for control injected eggs (A),
1.3 6 0.2 (n 5 6) for Src SH2-injected eggs (B), and 1.2 6 0.13 (n 5
4) for Fyn SH2-injected eggs (C). These values are not statistically
different from the control values.nfertilized and fertilized eggs and this distribution does
Copyright © 2000 by Academic Press. All rightot change in response to fertilization (Fig. 6). Further, the
7-kDa protein was enriched in plasma membrane/vitelline
ayer preparations of unfertilized eggs (Fig. 6, lane 7). Based
n immunoreactivity, size, and subcellular localization,
his 57-kDa protein is likely to be a sea urchin egg Src-type
yrosine kinase.
To determine whether the p57 Src-like protein was acti-
ated at fertilization, immune complex kinase assays were
onducted. Particulate fractions were prepared from unfer-
ilized eggs and eggs at various times post-sperm addition
ollowed by immunoprecipitation with the SC-18 Src fam-
ly antibody. Because the p57 protein is present exclusively
n (and the p90 protein is absent from) the particulate
raction (Fig. 6), this fraction was used rather than total egg
ysates. The SC-18 immune complexes were then subjected
o an in vitro kinase assay containing [g-32P]ATP. In vitro
hosphorylation of a protein of ca. Mr 57K was detectable in
immunoprecipitates prepared from eggs at 30 s post-sperm
addition (Fig. 7A). Phospholabeling of this protein reached a
peak in immunoprecipitates prepared from eggs at 1 min
post-sperm addition. The average level of p57 labeling in
1-min immunoprecipitates was ;43 that of the unfertil-
ized egg and then returned to baseline (Fig. 7B). Several
other unidentified egg proteins were weakly labeled as well
(Fig. 7A). These data indicate that the p57 Src-like protein
acquires kinase activity rapidly at fertilization, but we
cannot rule out the possibility that the kinase activity
could be due to a coprecipitating kinase in these assays.
We also considered the possibility that the kinase might
be sperm derived. Anti-Src-family protein immunoblots of
soluble proteins from acrosome-reacted sperm did not show
a band at Mr 57K although a weakly reactive band at ca. Mr
70K was present (data not shown). Further, no detectable
kinase activity was found in SC-18 immunoprecipitates of
lysates made from acrosome-reacted sperm (data not
FIG. 5. Injection of Src-family SH2 domains inhibits the pH rise
at fertilization. L. pictus eggs were co-injected with BCECF-dextran
and the indicated GST fusion protein at 1 mg/mL (final concentra-
tion in the cytoplasm). Sperm was added 10 min later (arrows).
Traces are representative and show the BCECF fluorescence as a
function of time. See Table 2 for summary and details.
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213Src Kinase in Sea Urchin Egg Activationshown). Therefore, these data indicate that the p57,
tyrosine-phosphorylated protein recognized by the Src fam-
ily antibody is egg derived.
In addition to autophosphorylation, the ability of im-
mune complexes to phosphorylate an exogenous substrate
is another characteristic of Src family kinase members. A
TABLE 2
The pH Rise in L. pictus Eggs Injected with Src or Fyn SH2-Doma
s Monitored by BCECF Fluorescence
Injection
Fraction of eggs
with pH increase
GST 4/4
Src SH2 (1 mg/mL) 4/4
Fyn SH2 (1 mg/mL)d 3/7
a Delay indicates the time between the addition of sperm and th
b Duration is defined as the time from the addition of sperm to
c Peak amplitude represents the ratio of the change in fluorescen
mean 6 SD.
d The average delay time, duration, and peak amplitude for these
f eggs that exhibited a rise in pH (n 5 3).
* Significant difference from controls (P , 0.02).
FIG. 6. A Src-type protein is enriched in the particulate fraction of
eggs. Total (T), cytosolic (C), and particulate (P) fractions of S.
urpuratus unfertilized eggs (UF; lanes 1–3), fertilized eggs at 2 min
ost-sperm addition (F; lanes 4–6), and egg plasma membrane/
itelline layers (M; lane 7) were prepared as described under
aterials and Methods. 25 mg of protein for the various fractions
and 10 mg of PMVL protein were loaded per lane, electrophoresed
hrough a 10% polyacrylamide–SDS reducing gel, and transferred
o nitrocellulose. The blot was probed with the SC-18 anti-Src-
amily antibody and antibody binding was detected with goat
nti-rabbit secondary antibody conjugated to HRP followed by
nhanced chemiluminescence. Mr markers are indicated on the left
(31000 Da). Lane 8 (1) contains 10 mg of mammalian SP2/0 cell
ysate as a positive control. The arrow indicates the ca. Mr 57K
protein and the asterisk (*) marks the position of the ca. Mr 90K
mmunoreactive band. This experiment was repeated nine times
ith similar results.
Copyright © 2000 by Academic Press. All rightommonly used substrate is enolase (Brown and Cooper,
996; Burkhardt et al., 1994; Cooper et al., 1984). Therefore,
e tested the ability of the SC-18 immune complexes to
hosphorylate enolase. Labeling of enolase reached a maxi-
al level in immune complexes prepared from lysates
ade 1 min post-sperm addition (Figs. 7C and 7D), in
greement with the peak autophosphorylation of p57 (Figs.
A and 7B). Therefore, based on its kinase activity, it
ppears that the Src-like, p57 protein is activated rapidly
nd transiently at fertilization.
DISCUSSION
The data presented here support the model that a Src-
family tyrosine kinase is involved in initiation of Ca21
release from the ER at fertilization in the sea urchin egg.
First, inhibition of Src-family kinase activity via the spe-
cific pharmacological inhibitor PP1 significantly delays the
initiation of internal Ca21 release. Second, microinjection of
recombinant GST Src family SH2 domain fusion proteins
significantly inhibits the release of Ca21 from the ER at
fertilization. Third, we have identified a 57-kDa sea urchin
egg protein with the following properties: (i) it is recognized
by an antibody specific for Src-family protein tyrosine
kinases, which generally are in the 50K–60K Mr range; (ii) it
is localized to the plasma membrane fraction of eggs; and
(iii) immunoprecipitates of the p57 Src-type protein exhibit
rapid, transient, and fertilization-dependent kinase activity.
This increase in activity is increased significantly by 30 s
post-sperm addition and is maximal by 1 min post-sperm
addition, indicating that it could be activated prior to the
initiation of Ca21 release from the ER at fertilization.
Effects of Specifically Inhibiting Src Family Kinases
A number of studies using pharmacological inhibitors
combinant Protein and Then Fertilized,
ay (s)a Duration (s)b Peak amplitudec
6 5 352 6 60 0.10 6 0.009
6 196* 987 6 222* 0.08 6 0.02
6 20* 562 6 92* 0.02 6 0.02*
ginning of the rise in pH; mean 6 SD.
eak amplitude of BCECF fluorescence; mean 6 SD.
er fertilization to the baseline fluorescence in the unfertilized egg;
les were calculated based on values obtained only from the subsetin Re
Del
57
580
169
e be
the p
ce aft
sampsuggest that tyrosine kinase activity is necessary for egg
s of reproduction in any form reserved.
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214 Abassi et al.activation in a variety of species (DuPont et al., 1996; Ueki
and Yokosawa, 1997; Glahn et al., 1999; Sato et al., 1998,
999; Shen et al., 1999). In addition, microinjection of
ecombinant Src family SH2-domain proteins into starfish
FIG. 7. SC-18 immune complexes contain fertilization-dependent
unfertilized eggs (S. purpuratus) and eggs at various times post-sper
protein A–Sepharose. Protein A alone was used as a control (A and C
complexes were resuspended in kinase buffer and [g32P]ATP. For a
kinase reaction (C and D). The reactions were electrophoresed on 12
and exposed to film (A and C). Mr markers are indicated on the lef
) and the asterisk (*) marks the position of enolase (C). The expo
o optimize exposure for enolase labeling; longer exposures reveal
lms from separate experiments were conducted to determine the
of enolase (D). The graphs (B and D) indicate the average labeling, n
value of 1. Error bars indicate the SD. The numbers in parentheses
asterisk (*) denotes relative changes in labeling that were statisticggs, which act as specific dominant interfering inhibitors
Copyright © 2000 by Academic Press. All rightf Src family kinases, results in inhibition of the initiation
f Ca21 release from the ER (Giusti et al., 1999b). Here, we
have used both of these approaches to assess the effects of
inhibiting Src-family kinases in sea urchin eggs.
se activity. Equivalent amounts (500 mg) of particulate fractions of
dition were immunoprecipitated with the Src-family antibody and
1). For analysis of autophosphorylation (A and B), washed immune
is of labeling of an exogenous substrate, enolase was added to the
olyacrylamide–SDS gels, and the gels were stained, fixed, and dried
000 Da). The arrow marks the position of the p57 protein (A and
shown in (C) is shorter than that for the gel shown in (A), in order
ling of p57 similar to that seen in (A). Densitometric scans of the
ive 32P labeling of the p57 protein (B) and the relative 32P labeling
alized to the unfertilized time point, which was given an arbitrary
cate the number of times the experiment was conducted while an
ignificant (P , 0.01) compared to the unfertilized time point.kina
m ad
; lane
nalys
% p
t (31
sure
labe
relat
orm
indiThe pyrazolopyrimidine PP1 is a specific inhibitor of
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215Src Kinase in Sea Urchin Egg ActivationSrc-family tyrosine kinase activity (Hanke et al., 1996; Liu
et al., 1999; Schindler et al., 1999) and has been used to
study a number of Src-type-mediated signaling processes in
a variety of cells (Briddon et al., 1999; Yan and Novak, 1999;
Tang et al., 1999; Mocsai et al., 1999; Schlaepfer et al.,
1998). It has been shown that PP1 binds at the ATP binding
site of the kinase and inserts a methylphenyl group into an
adjacent hydrophobic pocket, inhibiting kinase activity
(Schindler et al., 1999). The calculated IC50 of PP1 for
purified mammalian Src-type kinases is reported to be in
the range of 5–20 nM and inhibition of Src-family-
dependent tyrosine phosphorylation was observed when 10
mM PP1 was applied to the medium in whole-cell studies
(Hanke et al., 1996; Briddon et al., 1999; Yan and Novak,
999; Tang et al., 1999; Mocsai et al., 1999; Schlaepfer et
l., 1998). In sea urchin eggs, incubation of eggs in 10 mM
PP1 resulted in a significant delay in Ca21 release while
ncubation in 100 nM PP1 had no significant effect.
A different way to inhibit Src-type kinases is by overex-
ression of or microinjection of their SH2 domains in cells
Roche et al., 1995; Twamley-Stein et al., 1993; Giusti et
l., 1999b). These SH2 domain proteins serve as “dominant-
egative” inhibitors, presumably by interfering with up-
tream activating components, and overexpression of one
rc-family member’s SH2 domains seems to inhibit all
rc-family kinases in the cell (Roche et al., 1995; Twamley-
tein et al., 1993). In starfish, microinjection of vertebrate
rc SH2 domains at a final concentration in the egg cyto-
lasm of $2.5 mM significantly inhibited Ca21 release
Giusti et al; 1999b). Sea urchin eggs appear to be somewhat
ore sensitive than those of starfish; the reason for this
ifference in sensitivity is not known, but a similar obser-
ation has been made with regard to sensitivity to inhibi-
ion by PLCg dominant interfering inhibitors in echino-
erm eggs (Carroll et al., 1997, 1999; Shearer et al., 1999).
First identified from sequence similarities in the noncata-
ytic regions of Src family kinases (Sadowski et al., 1986),
H2 domains have since been observed to be a common
eature of most proteins associated with tyrosine kinase
ignaling pathways (Sudol, 1998). Given that SH2 domains
ediate a wide array of interactions, specificity becomes a
ritical issue in ensuring proper substrate recognition and
ontact. The specificity of the inhibition by the Src family
H2 domains in our studies is indicated by the observation
hat the SH2 domains from other kinases and adapter
roteins do not affect Ca21 release from the ER in sea urchin
eggs. Further, the inhibition requires that the SH2 domain
retain the ability to bind tyrosine-phosphorylated targets. A
point-mutated SH2 domain, which has a reduced ability to
bind to tyrosine-phosphorylated targets, likewise has a
reduced ability to inhibit Ca21 release when injected into
sea urchin eggs. Finally, the inhibition by the SH2 domains
can be overcome by microinjection of a small amount of
IP3, indicating that the Ca21 releasing machinery is fully
functional and that the inhibition is occurring upstream of
IP3 production. So, taken together, the inhibition of sperm-
induced Ca21 release by PP1 and the Src-family SH2 do- b
Copyright © 2000 by Academic Press. All rightains provides strong evidence of a requirement for Src
yrosine kinase activity at fertilization.
Characterization of the p57 Src-Type Kinase
A number of protein tyrosine kinase activities have been
described in sea urchin eggs and embryos (Satoh and Gar-
bers, 1985; Ciapa and Epel, 1991; Kamel et al., 1986; Ribot
t al., 1984; Wessel et al., 1995; Onodera et al., 1999; Moore
nd Kinsey, 1994; Sakuma et al., 1997; Kinsey, 1984, 1996;
eaucellier et al., 1988, 1993; and reviewed in Kinsey,
997). Whether these kinase activities play a role in egg
ctivation has not been fully explored. For example, a
yn-like kinase is activated soon after fertilization but
robably not prior to Ca21 release (Kinsey, 1996). An Abl-
ike kinase also is rapidly and transiently activated at
ertilization, but again, probably not prior to Ca21 release
(Moore and Kinsey, 1994; Walker et al., 1996). Only one sea
urchin egg cDNA encoding a protein kinase, designated
AcSrc1, has been fully characterized (Onodera et al., 1999).
AcSrc1 is a Src-type kinase with ;60% identity to mam-
malian Src. The mRNA and protein are present in eggs, but
whether AcSrc1 plays a role in early fertilization events
remains to be determined (Onodera et al., 1999).
Because the inhibition data suggest that a Src-type kinase
is necessary for Ca21 release, we sought to determine
hether an increase in a Src-family kinase activity was
etectable soon enough after sperm addition to be prior to
he time of Ca21 release from the ER. To do so, we used a
Src-family antibody (SC-18) as a reagent to detect Src-like
kinases in sea urchin eggs and to determine if their kinase
activity increased rapidly at fertilization. This antibody is
directed against the conserved C-terminal domain of
closely related Src-family kinases and recognizes multiple
vertebrate Src family members. In starfish, this antibody
recognizes a protein of ca. Mr 58K which associates specifi-
ally with the SH2 domains of PLCg in a fertilization-
dependent manner (Giusti et al., 1999a). Here, we show that
this antibody recognizes a protein of ca. Mr 57K that is
localized to the membrane fraction of sea urchin eggs.
Kinase assays of immunoprecipitates using this antibody
reveal maximal activity (autophosphorylation and phos-
phorylation of exogenous substrate) by 1 min post-sperm
addition. It is possible that the p57 sea urchin egg protein is
the homolog of the starfish p58 protein (Giusti et al., 1999a)
and possibly the Xenopus p57 Xyk egg Src-type tyrosine
inase (Sato et al., 1996, 1999). The urchin egg p57 Src-type
inase also may be the same as that described by Kamel et
l. (1986) in L. variegatus eggs, using a polyclonal anti-
erum against mammalian Src, although the earliest post-
ertilization time point tested in that study was 30 min. An
nidentified, 57-kDa tyrosine kinase has been described in
ea urchin eggs in several other studies as well (Peaucellier
t al., 1993; Kinsey, 1995). The identity of the p57 protein
e have described here will require cDNA cloning and
nalysis, but it is likely that p57 is a Src-type kinase
ecause it: (1) is recognized by an anti-Src family antibody,
s of reproduction in any form reserved.
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216 Abassi et al.(2) is of the predicted Mr for a Src-type kinase, (3) is localized
to the membrane fraction of the eggs, and (4) exhibits rapid
and transient kinase activity. All of these are characteristics
of Src-family kinases (see reviews by Courtneidge, 1994;
Brown and Cooper, 1996; Mayer, 1997; Thomas and Brugge,
1997; Schwartzberg, 1998).
The Signaling Pathway Leading to Calcium
Release at Fertilization
The data suggest that Src-family kinase activity is neces-
sary for Ca21 release from the ER, since PP1, which inhibits
kinase activity, delays this Ca21 release. However, Src
kinases also can function independent of kinase activity,
most likely as adapter proteins (Xu and Littman, 1993;
Kaplan et al., 1995; Lin et al., 1997; Schwartzberg et al.,
997; Fincham and Frame, 1998). As noted by Giusti et al.
1999b), excess SH2 domain protein could disrupt this
unction as well as kinase activity, which would be one
xplanation for why the SH2 domain-mediated inhibition
f Ca21 release is stronger than the PP1 inhibitory effect.
Coupled with the inhibitor data, the observation that an
egg-derived, Src-family tyrosine kinase is activated rapidly
at fertilization provides support for a model of echinoderm
egg activation in which sperm binding or fusion induces a
signaling cascade that mediates Ca21 release through a
tyrosine kinase pathway that modulates PLCg activity in
ome way (Kinsey, 1997; Carroll et al., 1997, 1999; Giusti et
l., 1999a,b; Rongish et al., 1999; Shearer et al., 1999). The
dea that a Src-type kinase might operate in the same
athway as PLCg is supported further by our observation
hat the SH2 domain-mediated inhibition of Src-type ki-
ases also inhibited the pH rise at fertilization. The pH rise
s thought to depend on both Ca21 release and DAG-
mediated activation of PKC (Epel, 1990; Shen and Buck,
1990). Hydrolysis of PIP2 by PLCg produces DAG and IP3,
and inhibition of PLCg blocks the pH rise (Carroll et al.,
1999). The data presented here place a Src-type tyrosine
kinase activity in this same pathway. It is possible that the
p57 Src-type protein is part of a signaling complex involved
in PLCg regulation at fertilization. In mammalian somatic
cells, Src-family kinases have been shown to regulate PLCg
in a number of signaling pathways (Weber et al., 1992; Liao
et al., 1993; Nakanishi et al., 1993; Dhar and Shukla, 1994;
Marrero et al., 1995; Clements and Koretzky, 1999). The
identification and cDNA cloning of individual kinases will
allow for generation of even more specific reagents that can
be used to test the necessity and sufficiency of the kinase in
Ca21 release and other egg activation events.
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